In mammals, urea is the predominant end-product of nitrogen metabolism and plays a central role in the urinaryconcentrating mechanism. Urea accumulation in the renal medulla is critical to the ability of the kidney to concentrate urine to an osmolality greater than systemic plasma. Regulation of urea excretion and accumulation in the renal medulla depends on the functional state of specialized phloretin-sensitive urea transporters. To study these transporters and their regulation of expression we isolated a cDNA which encodes the rat homologue (rUT2) of rabbit UT2 (You, G., C. P. Smith, Y. Kanai, W.-S. Lee, M. Stelzner, and M. A. Hediger, et al. Nature (Lond.). 1993.365:844-847). Rat UT2 has 88% amino acid sequence identity to rabbit UT2 and 64% identity to the recently cloned human erythrocyte urea transporter, HUT1l (Olives, B., P. Neav, P. Bailly, M. A. Hediger, G. Rousselet, J. P. Cartron, and P. Ripoch J. Biol. Chem. 1994. 269:31649-31652). Analysis of rat kidney mRNA revealed two transcripts of size 2.9 and 4.0 kb which had spatially distinct distributions. Northern analysis and in situ hybridization showed that the 4.0-kb transcript was primarily responsive to changes in the protein content of the diet whereas the 2.9-kb transcript was responsive to changes in the hydration state of the animal. These studies reveal that the expression levels of the two rUT2 transcripts are modulated by different pathways to allow fluid and nitrogen balance to be regulated independently. Our data provide important insights into the regulation of the renal urea transporter UT2 and provide a basis on which to refine our understanding of the urinary concentrating mechanism and its regulation. (J. Clin. Invest. 1995. 96:1556-1563
Introduction
Carrier-mediated urea transport plays an important role in nitrogen balance and water conservation (1) . Urea formed in the liver via the urea cycle enters the circulation and is freely filtered by the kidney. The amount of filtered urea excreted is regulated and depends on the physiological status of the animal. Protein restriction causes a decrease in the fraction of filtered urea excreted (2) (3) (4) . This response reduces the loss of nitrogen from the body and serves to maintain plasma urea concentration, which would otherwise decrease in direct proportion to the lowering of nitrogen intake (2, 3, (5) (6) (7) . Micropuncture studies have suggested that the decrease in urea excretion with low protein intake is a result of increased urea absorption from the collecting ducts (6, 8, 9) . In agreement, measurements in isolated perfused inner medullary collecting ducts (IMCD)' show an increase in phloretin-sensitive urea transport in the initial IMCD after dietary protein restriction (7, 10) .
Regulation of urea transport forms an integral part of the urinary concentrating mechanism. During antidiuresis, increased plasma vasopressin stimulates a rapid increase in urea transport in the IMCD allowing urea to enter the medullary interstitium (11) . Increasing urea transport in the IMCD in conjunction with Na,K,2CI cotransport in the thick ascending limb of the loop of Henle (12) enables the establishment and maintenance of the hypertonic medulla which, in turn, provides the osmotic gradient required for water reabsorption (13, 14) . Urea absorbed in the IMCD is furthermore secreted into thin ascending and descending limbs and descending vasa recta in a process called urea recycling. This recycling pathway limits urea dissipation from the inner medulla allowing the maintenance of the corticopapillary osmotic gradient. The IMCD (15) and the descending vasa recta (16, 17) have been recently shown to contain phloretin-sensitive urea transporters.
We have isolated by expression cloning in Xenopus oocytes a cDNA coding for the vasopressin-regulated urea transporter ( 18) which had been previously characterized by Knepper and colleagues using in vitro perfused tubules ( 1, 1 1, 15 ) . Recently, Ripoche and colleagues isolated a cDNA from a human bone marrow cDNA library coding for the human erythrocyte urea transporter (HUTI 1) (19) . The library screening strategy they used to isolate this cDNA was based on the cDNA sequence of rabbit UT2. HUT1 1 has 63% amino acid identity with rabbit UT2 and has functional characteristics which are similar to UT2.
Since little is known about the regulation of urea transporters although they play a central role in nitrogen and water homeostasis a major goal of this study was to isolate a cDNA encoding the rat isoform of rabbit UT2 and to use this as a probe for Northern analysis and in situ hybridization to determine the regulation of rat UT2 (rUT2) mRNA expression in kidneys from animals maintained at different physiological states.
Methods
Clones were isolated from a nonamplified rat inner medulla Xgt22a cDNA library. Approximately 300,000 clones were screened using a gel-purified, 32P-labeled (r7QuickPrime; Pharmacia Biotech Inc., Piscataway, NJ) rabbit UT2 cDNA. Hybridization was at 370C (50% formamide) and the final wash was in 0.1 X SSC-0. 1% SDS at 400C. Initial screening yielded 32 clones, out of which a 2.9 kb cDNA was isolated and subcloned into the NotlISal 1 site of pSPORTL. Both strands of the cDNA clone were sequenced by the dideoxy-sequencing method using Sequenase V2.0 DNA sequencing kit (USB Biologicals, Cleveland, OH).
cRNA was synthesized in vitro and microinjected (50 ng) into collagenase treated and manually defolliculated Xenopus oocytes, as previously described (20) . After incubation in Barth's solution for 3 (21) . Analysis was by SDS-PAGE using a 10% acrylamide gel.
To study the regional distribution of rUT2 mRNA in the kidney, poly A' RNA was isolated from microdissected regions of the kidney (see Fig. 3 ) by the guanidine isothyocyanate method using cesiumtrifluoroacetic acid followed by oligo (dT) Isozaki et al. (7, 10) and has been shown to cause a significant decrease in blood urea nitrogen, urinary urea excretion rate, and prevent malnutrition (10) .
Manipulation of the hydration state. To study the effect of changing the hydration state on the pattern of expression of UT2 mRNAs in the kidney, groups of pathogen-free male Sprague-Dawley rats were treated as follows: (a) water restricted; rats had free access to food but water was restricted to 10 ml/day for 3 d. (b) Water diuretic; rats had free access to water containing 10% glucose without additional food for 3 d. (c) Water diuretic then water restriction, rats had free access to water containing 10% glucose without additional food for 3 d, then no water but free access to food for 2 d. Control Rats were given free access to food and water. These treatments have been previously found to result in significant changes in urine osmolality and not to cause glucosuria or hyperglycemia (22) .
Kidneys which were to be used for Northern analysis were removed and immediately frozen in liquid nitrogen. Kidneys destined to be used for in situ hybridization were fixed with 4% paraformaldehyde and stored at -80'C. Total RNA was isolated from whole kidneys by the guanidine isothyocyanate method using cesium-trifluoroacetic acid, or from inner medulla by acid phenol extraction (Tri-reagent; Molecular Research Center, Inc. Cincinnati, OH) and separated as described above. In situ hybridization of rat kidney was performed as previously described (23) . Briefly, 7- 
Results
Low stringency screening of a rat kidney medulla cDNA library with the full-length rabbit UT2-cDNA probe yielded a 2,940-bp cDNA. Expression studies in Xenopus oocytes (see below) showed that this cDNA encodes a phloretin-sensitive urea transporter. rUT2 cDNA has a polyadenylation sequence (AT-TAAA) at position 2898, an open reading frame from nucleotides 928 to 2118 and encodes a 397 residue protein which has 88.1% amino acid identity with rabbit UT2 (Fig. 1 a) and 64% identity with HUTi 1.
In vitro translation of rUT2 cRNA using rabbit reticulocyte lysates gave a protein with an apparent Mr of 40 kD in the absence of, and 45 kD in the presence of canine pancreatic microsomes ( Fig. 1 b) . This 5-kD shift in Mr was reversed by treatment with endoglycosidase-H and is indicative of glycosylation at a single site. Injection of rUT2 cRNA into Xenopus oocytes induced an 11-fold increase in the uptake (3 min) of [14C]urea (1 mM) compared to water-injected control oocytes (data not shown). Uptake (90 s) of urea by rUT2 was completely inhibited by 0.70 mM phloretin, 71% by 0.35 mM phloretin, and 62% by 150mM thiourea (Fig. 2 ). These properties are consistent with those of the vasopressin-regulated urea transporter UT2 (11, 15, 18) . High stringency Northern analysis showed hybridization of rUT2 cDNA to species at 2.9 and 4.0 kb in kidney. These transcripts were not detected in colon, ileum, jejunum, duodenum, stomach, skeletal muscle, heart, liver, lung, or brain (data not shown). Fig. 3 shows the distribution of rUT2 mRNA in dissected rat kidney. Strong hybridization is seen at 4.0 kb in the inner part of the inner medulla, whereas the inner stripe of the outer medulla (ISOM) shows hybridization at 2.9 kb only. In the outer part of the inner medulla both the 2.9 and 4.0 kb transcripts are present. In situ hybridization (Fig. 4 c, the inner medulla corresponding to the 2.9 and 4.0 kb transcript, respectively. A weaker signal was seen in the outer part of the inner medulla and probably represents a composite of the 2.9 and 4.0 kb transcripts.
The levels of expression of the two rUT2 transcripts differed considerably between the kidneys of rats fed a low protein diet (8% protein) compared to kidneys from rats fed a normal diet (18% protein). The same pattern was evident in different animals that received the same treatment. Northern analysis showed that low protein diet caused an increase in the 4.0-kb transcript in the inner medulla. There was no detectable change in the levels of the 2.9-kb transcripts in this region of the kidney (Fig. 4, a and b ; Table I ). The increase in the 4.0-kb transcript was not detected in the RNA from the whole kidney. This was 1558 Smith et al. most probably due to dilution of the signal by other mRNA species. In situ hybridization revealed that the increased amount of the 4.0-kb transcript was associated with an increase in and spreading towards the outer medulla of the hybridization signal in the inner part of the inner medulla (Fig. 4 c) .
Large changes in the amount of rUT2 transcripts were observed in response to alterations in the hydration state ( Fig. 5 ; Table I ). After 3 d of water restriction, the level of the 2.9-kb transcript in the inner medulla and the whole kidney increased (Fig. 5, a and b ). In contrast, the level of the 4.0-kb transcript was considerably decreased in the inner medulla whereas there was no discernable change in the level of this transcript in whole kidney RNA, again most probably due to dilution by other mRNA species. In situ hybridization showed that the changes revealed by Northern analysis corresponded to the appearance of a strong signal in the outer part of the inner medulla, an increase in the signal in the ISOM and a decrease in the signal in the papillary tip. The same pattern was evident in different animals that received the same treatment.
Water diuresis, induced by withdrawing access to food and adding 10% glucose to the drinking water, caused an increase in the amount of the 2.9-kb transcript in whole kidney, but had no effect on the levels of this transcript in the inner medulla ( Fig. 5 ; Table I ). No detectable change was observed in the 4.0-kb transcript in whole kidney, but a decrease in the amount of this transcript was evident in inner medullary RNA. In situ hybridization revealed that these changes were associated with an increase in the hybridization signal in the ISOM and a decrease in the signal in the inner medulla. This pattern was consistent in different animals that received the same treatment. We conclude that the increased hybridization signal in the ISOM represents the observed increase in the 2.9-kb transcript and the decreased hybridization signal in the inner medulla represents the observed decrease in the 4.0-kb transcript. We by 150 mM tip or ISOM using identical conditions as described above also gave a 1.2-kb product. Together, these results demonstrated that the 2.9-and 4.0-kb transcripts have identical or almost identical coding regions.
Water diuresis followed by water restriction caused an increase in the amount of the 2.9-kb transcript in inner medulla and whole kidney ( Fig. 5 ; Table I ). A decrease in the level of the 4.0-kb transcript was observed in inner medulla, but not in whole kidney. In situ hybridization revealed the appearance of a signal in the outer part of the inner medulla an increase of the signal in the ISOM and a reduction in the signal in the inner part of the inner medulla. The same pattern was evident in different animals that received the same treatment.
Discussion
Central to the urinary concentrating mechanism are urea and water transporters located in the plasma membranes of collecting duct cells. Vasopressin stimulates urea and water transport in the terminal IMCD ( 11) . A considerable amount is known about the structure and function of the predominant vasopressinregulated water channel AQP-CD (previously called WHC-CD) (24), whereas, relatively little is known about the vasopressinregulated urea transporter. In the IMCD this transporter allows urea to enter the medullary interstitium by facilitated diffusion ( 11 ) (Fig. 6 ). This process, together with the Na,K,2C1 cotransport in thick ascending limbs of the kidney nephron (12) (Fig.  6 ), helps to establish and maintains the corticopapillary osmotic gradient which provides the driving force for water reabsorption (25) .
Of equal importance is the role of carrier-mediated urea transport in reabsorption of urea. Feeding rats a diet low in protein is known to cause the fraction of filtered urea excreted by the kidney to decrease. Accompanying this change there is induction of phloretin-inhibitable urea transport in IMCD (7, 10) . Salvaging of urea nitrogen from the large intestine is also thought to be important for maintaining nitrogen balance in 
c).
It is conceivable that a major portion of the protein is entirely embedded in the membrane. Cellular localization of rUT2 in kidney. Northern analysis performed on rat tissue clearly demonstrated that there are two different rUT2 transcripts of 2.9 and 4.0 kb and that these are restricted to the kidney medulla. Two transcripts of 3.0 and 4.0 kb were observed in rabbit kidney medulla and in contrast to rat a 4.0-kb transcript was also detected in rabbit colon (18).
The presence of a signal in rabbit colon and the absence of a signal in rat colon is of interest. Mammals do not possess urease, the enzyme which catalyzes the hydrolysis of urea into NH3 and CO2. However, the bacteria that reside in the large intestine have urease. It has been proposed that urea diffuses from the blood into the colon where it is broken down by bacteria (26, 27) . The NH3 released is reabsorbed and used as a nitrogen source for resynthesis of amino acids. This mechanism is thought to be important in herbivorous mammals, such as rabbits, because they eat a diet low in protein. In comparison, rats are omnivorous and consume a diet higher in protein. Our findings indicate that rabbits possess a facilitated urea transport system in colon whereas rats do not. This may represent an adaptation in response to the different amounts of dietary protein consumed by these species.
In the kidney the two transcripts are confined to the renal medulla and occupy spatially distinct regions. The 2.9-kb transcript is predominantly expressed in the ISOM whereas the 4.0-kb transcript is confined to the inner medulla. Both transcripts are present in the outer part of the inner medulla.
This pattern of rUT2 mRNA expression is similar to that found in the rabbit kidney which has a 3.0-kb transcript in the outer medulla and a 4.0-kb transcript in the inner medulla. Amplification of the 4.0-kb transcript in rat kidney by PCR with primers flanking the complete coding region of the 2.9-kb cDNA yielded products of the same size with identical restriction maps suggesting that the two transcripts have the same or 1560 Smith et al. a very similar coding region and probably differ at 3' and/or 5' untranslated regions (see Fig. 3 legend) . This relationship was also found to be true for the two rabbit UT2 transcripts (18). Based on the present data and those of rabbit UT2 (18) it is reasonable to assume that the hybridization signal revealed by in situ hybridization in the deep part of the inner medulla (4.0-kb transcript) resides in the IMCD (Fig. 6 ). Physiological studies in the rat IMCD have demonstrated the presence of a phloretin-sensitive transporter on both apical and basolateral plasma membranes of terminal IMCD cells (15, 31) . As indicated above, Pallone and colleagues recently reported phloretinsensitive urea transport in the descending vasa recta of the outer medulla (16, 17) . Studies by Imai and colleagues have demonstrated moderately high urea permeabilities in the thin descending limbs of the short loop nephrons of the outer medulla suggesting the presence of urea transporters ( 1, 32) . However, phloretin sensitivity in this segment has not been established. The presence of the 2.9-kb transcript in the outer medulla agrees well with these findings and suggests that rUT2 resides in the descending vasa recta and/or in thin descending limbs of short loops of henle (Fig. 6) . Single segment localization of UT2 mRNA and immunocytochemistry will be necessary to confirm the actual sites of rUT2 expression.
Response to dietary protein restriction. Consistent with the findings that dietary protein restriction causes a decrease in the fraction of filtered urea excreted and an associated increase of phloretin-inhibitable urea transport in the IMCD, our data show that feeding a low protein diet induces an increase in the 4.0-kb transcript which is associated with an increase in intensity and a spreading towards the outer medulla of the hybridization signal revealed by in situ hybridization (Fig. 4 c) (7) . We conclude therefore that the increase in the 4.0-kb transcript in the inner medulla is associated with an increase of functional urea transporters in IMCD cells. Dietary protein restriction has been found to affect in a coordinated manner the mRNA and protein levels of several enzymes involved in or associated with urea synthesis such as hepatic glutaminase and carbamyl phosphate synthetase (33, 34) . Factors such as glucagon and dexamethasone have been found to bring about coordinated induction of urea cycle enzymes (35) . Whole animal studies suggested that the effect of dietary protein restriction on urea excretion is due to glucocorticoids (2) . Thus, glucocorticoids may contribute to long-term regulation of rUT2.
The physiological role of the adaptive changes of mammalian kidney in response to low protein diet are not clear although they appear to be present in the few species that have been tested (2, 3). Since in rats we found no evidence of urea transport in colon, implying that salvaging of urea nitrogen from colon does not occur, it is unlikely that the renal changes represent an adaptation geared at preserving nitrogen balance. The changes may, however, function to preserve blood urea concentrations so as to maintain a reserve of urea to enable urine to be concentrated, should the need arise.
Responses to manipulation of the hydration state. Little is known about the regulation of urea transport in response to chronic changes in the hydration state. In the present study, water restriction was found to induce an increase in the level of the 2.9-kb transcript. This corresponded to a large increase in the hybridization signal in the inner medulla and the ISOM. Furthermore, the amount of 4.0-kb transcript decreased in the inner medulla. In contrast to these results is the increase of the 4.0-kb transcript in the inner medulla induced by low protein diet. Recently, the expression levels of several other proteins and their mRNAs have been found to be regulated in response to restriction of water intake. For example, large increases in expression of the vasopressin-regulated water channel AQP-CD occurs in rat collecting ducts in response to thirsting (36) and vasopressin infusion (37) . Furthermore, in response to hypertonicity, there is up-regulation of proteins such as aldose reductase and osmolyte transporters which regulate the cellular levels of organic osmolytes in the renal medulla (22, 38) . The mechanisms of these regulatory processes are under investigation and remain largely unknown. However, it seems likely that mecha- nisms will be discovered that are shared among these proteins and rUT2 which orchestrate the antidiuretic response.
It is of interest that water diuresis increased the amount of the 2.9-kb transcript in RNA isolated from the whole kidney, but not in RNA isolated from the inner medulla. This change was associated with an increase in the intensity of the hybridization signal in the ISOM. We conclude from this that the level of the 2.9 kb transcript increased specifically in the ISOM. This is in contrast to the response to antidiuresis where the 2.9-kb transcript increased in both inner and outer medulla. This suggests differential segmental regulation of the 2.9-kb transcript, possibly by multiple hormones and/or due to the presence of different receptors or sensors expressed in cells of kidney inner and outer medulla.
Proposed differential regulatory mechanisms of rUT2 transcripts. Protein dietary restriction was found to cause an increase in the 4.0-kb transcript whereas the 2.9-kb transcript was sensitive to dehydration. This indicates that regulation of the 4.0-kb transcript is independent and distinct from that of the 2.9-kb transcript. Thus, the protein restriction response may be primarily due to hormones, e.g., glucocorticoids, whereas the response to dehydration may be mediated by different hormones such as vasopressin. The factors which regulate the two transcripts and confer segmentally distinct responses will need to be identified as well as their mechanism of action. Moreover, like the urea cycle enzymes, two of which are regulated by transcriptional control and three by stabilization of mRNA (35) , rUT2 mRNA levels may be regulated by one or both of these mechanisms.
In conclusion, rUT2 is an unusually hydrophobic, highly conserved (88.1% identical to rabbit UT2), structurally unique transporter which plays a central role in the urinary concentrating mechanism and regulation of nitrogen balance. Its pattern of tissue distribution is species specific and probably associated with the protein content of the diet. rUT2 mRNA is extremely responsive to changes in the physiological state of the animal and the pattern of the responses are specific to the functional state of the kidney. This regulation at the mRNA level is in contrast to that of other transporters such as intestinal and renal Na+/glucose cotransporters which are regulated primarily at the translational or posttranslational levels (39) . The 2.9-and 4.0-kb transcripts of rUT2 are independently regulated and their message levels most likely are controlled by multiple factors. In conjunction with future localization of rUT2 in the kidney inner and outer medulla, these data will lead to a better understanding of the dynamics and regulation of renal urea reabsorption and urinary concentration. Smith et al. 
